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Persistent excesses in the spectra of gamma rays from the galactic center and cosmic ray an-
tiprotons can be explained by dark matter of mass 50 ∼ 65 GeV annihilating into b quarks, but
this is typically hard to reconcile with direct detection constraints. We resolve this tension using
a simple class of models, where dark matter is a pseudo-Nambu-Goldstone boson, having naturally
momentum-suppressed couplings to nuclei. Exploring the parameter space of the model, we find
that it can explain the cosmic ray anomalies while remaining compatible with constraints from the
relic abundance and annihilation in dwarf spheroidal galaxies. In certain regions of parameter space,
the Higgs-dark matter coupling can help stabilize the Higgs potential up to the Planck scale. The
scalar partner of the dark matter is an extra Higgs boson, that can explain a tentative diphoton
excess observed by CMS, and an excess of bb¯ signal from LEP, if its mass is ∼ 96 GeV and the
model is extended to include a heavy scalar quark. This extended model predicts a monochromatic
gamma-ray line near 64 GeV, at a level close to current experimental sensitivity, from dark matter
annihilations in the galaxy.
I. INTRODUCTION
Although there is so far no clear evidence for nongrav-
itational interactions of dark matter (DM), it has been
suggested that excess of GeV-scale gamma rays from the
galactic center (GC), observed by the Fermi-LAT [1, 2],
could be due to DM annihilations [3–9]. A leading alter-
native astrophysical explanation is that the excess comes
from an unresolved population of millisecond pulsars or
other astrophysical sources [10–14], although arguments
against the pulsar hypothesis have been presented [15–
17]. Until such possible point sources are resolved, the
DM hypothesis remains viable. In particular, ref. [18]
has recently called into question claims that the statis-
tical properties of the GeV excess are more consistent
with unresolved point sources than with DM annihila-
tions [19, 20], rekindling the motivation to consider par-
ticle physics models for the GC excess.
At the same time, the AMS collaboration obtained
the first precise measurement of the spectrum of cosmic
ray antiprotons [21]. It has been analyzed by numerous
groups who find an excess over the expected flux at en-
ergies of 10-20 GeV [22–28]. Intriguingly, this signal can
be simultaneously explained with the GC gamma-ray ex-
cess by DM annihilating into bb¯ [29–31]. In this paper we
propose that both the GC and the p¯ excesses can be ex-
plained by the annihilation of pseudo-Nambu Goldstone
dark matter (pNGB DM).
A natural explanation for why DM (χ) should annihi-
late mainly into bb¯ is the Higgs portal, since h → bb¯ is
the dominant decay channel of the Higgs boson. How-
ever this tends to be strongly ruled out by direct detec-
tion constraints [32], because h couples relatively strongly
to nucleons [33]. For this reason, singlet scalar DM
in the mass range of interest is excluded except for
mχ ∈ (55 − 62.5) GeV, just below the Higgs resonance
[34, 35]. But for mχ < mh/2, the cross section for
χχ→ bb¯ at present times is highly suppressed compared
to that during the time of freeze-out in the early uni-
verse (as we will discuss below), making singlet scalar
DM unsuitable for explaining the cosmic ray excesses.
One way of circumventing the direct detection con-
straints for Higgs portal models is by taking the DM to
be fermionic, coupling to b quarks through a pseudoscalar
such that DM-nucleon interactions are spin-dependent
and velocity-suppressed [36–40]. Here we will use a differ-
ent strategy, taking advantage of an approximate symme-
try, following refs. [41–43]. There a simple class of mod-
els was considered where the required cancellation for
direct detection occurs as consequence of a softly broken
global U(1) symmetry, rather than through fine tuning.
The DM candidate is the pseudo-Nambu Goldstone bo-
son arising from spontaneous breaking of the global U(1)
symmetry, with Higgs portal couplings.
In this case, the pNGB retains the feature of being
derivatively coupled with other particles. Its interaction
with matter is therefore highly suppressed for nonrela-
tivistic DM, as in direct detection experiments. Loop
corrections do not have this feature because of the ex-
plicit breaking of the global U(1) symmetry. This has
been studied in ref. [44, 45], where it was found that loop
corrections are nevertheless very small and well within
current direct detection bounds.
The pNGB dark matter model is quite economical,
with only four free parameters: the DM mass mχ, the
mass of its scalar partner (a second Higgs boson h2), the
mixing angle θ between h2 and the observed Higgs h1,
and the vacuum expectation value (VEV) vs that spon-
taneously breaks the U(1) symmetry (or alternatively
the quartic coupling λS of the new complex scalar field
S). In ref. [43], it was shown that one can easily sat-
isfy the requirements of getting the correct relic density,
while respecting other constraints like the Higgs invisible
width and perturbative unitarity. Moreover, probing the
pNGB DM at the LHC has been discussed in ref. [46],
and further generalizations of the model have been con-
sidered [47, 48]. However its implications for indirect
detection have not been considered prior to this work.
A possible bonus of the pNGB DM model is that it
can enhance the stability of the Higgs quartic coupling
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2to higher renormalization scales, in contrast to the SM
prediction that the Higgs quartic coupling should become
negative around 1011 GeV [49], triggering an instability.
This is a consequence of the Higgs portal coupling, that
affects the renormalization group evolution of the Higgs
quartic coupling [50–54]. We identify regions of param-
eter space where the instability can be avoided and the
quartic couplings are perturbative up to the Planck scale,
while satisfying the relic abundance constraints and ac-
counting for the cosmic ray excesses.
A further set of tentative anomalies has been identi-
fied in results coming from the LEP and CMS experi-
ments, that both point to a new Higgs-like particle h2
at a mass close to 96 GeV. The LEP anomaly is a mild
excess bb¯ pairs that would arise from decays of h2 fol-
lowing e+e− → Zh2 production via Higgs-strahlung [55].
At a similar mass, CMS observes a 2.9σ local excess in
the diphoton channel, that could come from gg → h2 →
γγ [56–58]. These observations have motivated theorists
to propose a number of models [59–68] A necessary ingre-
dient of the pNGB DM model is an additional scalar h2
that mixes with the SM Higgs, denoted as h1. It is pos-
sible to take mh2 = 96 GeV while still being consistent
with the cosmic ray excesses. Although the LEP obser-
vation could come directly from the pNGB DM setup,
given large enough mixing between the two scalars, the
CMS excess requires an additional charged and colored
scalar Φ coupling to the singlet. We make a systematic
study of the potential for such extensions of the model
to simultaneously explain both tentative signals. as well
as the collider anomalies. We show that the extended
model including the colored scalar provides an additional
means of discovering pNGB DM, by its annihilation to
monochromatic gamma rays in the galaxy.
The paper is organized as follows. We review the
framework of pNGB DM in section II and then show
in section III that it can account for the anomalous cos-
mic ray signals in gamma rays and antiprotons, for DM
mass near mχ ∼ 65 GeV, over wide ranges of the other
free parameters. In section IV we explore Higgs stabil-
ity and perturbativity, showing that it can be achieved
if mh2 & 140 GeV. Section V analyzes a broad class of
models that can potentially explain the LEP and CMS
anomalies, singling out one that is most promising. We
summarize and give conclusions in section VI.
II. PNGB DARK MATTER
We begin by reviewing the particle physics model,
which has just one additional complex scalar field S =
(vs + s + iχ)/
√
2 relative to the standard model (SM).
The scalar potential is given by
V = −µ
2
H
2
|H|2 + λH
2
|H|4 − µ
2
S
2
|S|2 + λS
2
|S|4
+ λHS |H|2|S|2 −
m2χ
4
(
S2 + S∗2
)
, (1)
where the last term explicitly breaks the global U(1) sym-
metry S → eiαS, giving mass mχ to the NGB DM candi-
date χ. This explicit breaking term can be derived from
an extended model with gauged U(1) symmetry at high
energy scale [43]. From the viewpoint of technical natu-
ralness, there is no need for the soft-breaking mass to be
small compared to µ2S ; moreover the model’s mechanism
for suppressing direct detection signals does not require
any hierarchy between the two mass scales.
With no loss of generality, m2χ can be made real-valued
by absorbing its phase with a field redefinition of S. Then
the DM χ remains stable due to a Z2 symmetry even after
S gets its VEV. The field H is the SM Higgs doublet,
H = (0, (v + h)/
√
2)T . The VEVs vs and v are(
v2
v2s
)
=
1
λHλS − λ2HS
(
λS −λHS
−λHS λH
)(
µ2H
µ2S +m
2
χ
)
.
(2)
The mass matrix for h and s can be written as
M2 =
(
λHv
2 λHSvvs
λHSvvs λSv
2
s
)
, (3)
which is diagonalized by the rotation(
h
s
)
=
(
cθ sθ
−sθ cθ
)(
h1
h2
)
, (4)
with cθ = cos θ, sθ = sin θ, and the mixing angle given
by
tan 2θ =
2λHSvvs
λSv2s − λHv2
. (5)
The mass eigenstate h1 is identified as the SM-like Higgs
boson with mass mh1 = 125 GeV, and h2 is a new CP -
even state. The trilinear couplings of the DM to the hi
bosons are expressed in terms of θ and the masses as
V ⊃ −sθm
2
h1
2vs
h1χ
2 +
cθm
2
h2
2vs
h2χ
2, (6)
while the hi couplings to SM fermions f have the form
L ⊃ −mf
v
(cθ h1 + sθ h2) ff . (7)
From the structure of Eqs. (6) and (7), one can see that
the matrix element for χf → χf scattering mediated by
h1,2 exchange exactly vanishes at zero momentum trans-
fer, which is the key feature for making the model safe
from direct detection constraints. On the other hand for
the annihilation χχ → ff , the cancellation is ineffec-
tive as long as mh1 6≈ mh2 , since the s-channel propaga-
tor carries significant momentum. The main annihilation
channel determining the DM relic abundance is χχ→ bb
for 5 GeV . mχ . 70 GeV, covering the mass range that
is relevant for the present work.1 The DM annihilation
1 See the next section for discussion of the subdominant χχ →
WW annihilation channel.
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Figure 1. Ratio of 〈σbb¯vrel〉 at present times to that in the
early universe, taking the freezeout temperature to be T =
mχ/20.
cross section for χχ→ bb¯ is given by
σbbvrel ≈
c2θ s
2
θm
2
b
4piv2v2s
(
1− 4m
2
b
m2χ
)3/2
(8)
×
∣∣∣∣∣ m2h1s−m2h1 + imh1Γh1 − m
2
h2
s−m2h2 + imh2Γh2
∣∣∣∣∣
2
,
where
√
s is the total DM energy in the center of mass
frame, and Γhi is the total decay width of hi. For quan-
titative determination of the DM relic abundance, we
use the full thermally averaged annihilation cross section
〈σvrel〉 computed using MicrOmegas [69].
On the other hand for annihilation within our galaxy,
Eq. (8) at s = 4m2χ provides a very good approxima-
tion in the DM mass region we consider because the
DM is very slowly moving, v ∼ 10−3 c, and its kinetic
energy is much smaller than the Higgs decay width,
(s − 4m2χ)/mχ ∼ mχv2  Γhi . Therefore the phase
space averaging has a negligible effect on Eq. (8) even
exactly on the resonance 4m2χ = m
2
hi
, and we can use
this expression for predicting indirect detection signals.
It is interesting that Eq. (8) can differ significantly
from 〈σbb¯vrel〉 in the early universe near the resonance
at mχ = mhi/2 [70]. We illustrate this in figure 1 by
plotting the ratio of 〈σbb¯vrel〉 at late times versus at the
time of freezeout as a function of mχ. This shows that
the indirect signal is suppressed by orders of magnitude
for mχ < mh/2 and motivates our search for models
with mχ > mh/2, where the indirect signal is moder-
ately enhanced, but can nevertheless satisfy Fermi dwarf
spheroidal constraints [71–73].
If mχ < mh1/2 ≈ 62.5 GeV, the trilinear coupling in
Eq. (6) gives rise to an invisible decay channel for the
Higgs boson, h1 → χχ, whose partial width is
Γinv =
s2θm
3
h1
32pi v2s
√
1− 4 m
2
χ
m2h1
. (9)
The branching ratio for invisible decays is experimentally
constrained at the level of BRinv < 0.19 by the CMS
Collaboration [74], and 0.26 by the ATLAS Collabora-
tion [75]. Ignoring the phase space suppression (which
is valid for mχ . 60 GeV), this gives the approximate
constraint sθ/vs . 0.2 TeV−1.
III. FITTING COSMIC RAY EXCESSES
We performed a numerical scan of the parameter space,
to look for regions compatible with the gamma-ray and
antiproton excesses, as well as DM relic abundance and
dwarf spheroidal constraints on DM annihilation. The
results are shown in Fig. 2, where the extra Higgs boson
mass takes the values mh2 = 70, 96, 300 GeV in succes-
sive rows.
In the left panels, the purple lines show the relation
between λS and mχ that gives the correct DM relic abun-
dance, for several values of the mixing angle, sθ = 0.01
(solid), 0.10 (dashed), 0.30 (dot-dashed). The upper gray
and blue regions are excluded by the perturbative unitar-
ity bound λS < 8pi/3 [76], and the Higgs invisible decay
constraint BRinv < 0.19 [74], respectively. We remark
that the relic density curves may be affected by early ki-
netic decoupling of the DM if its mass is just below the
Higgs resonance (mχ . mh/2) [77, 78]. As a result, the
Higgs invisible decay constraint may change by a factor
. 7 [79]. However this does not impact the region of
parameter space relevant for explaining the cosmic ray
anomalies, so we do not take account of this effect.
In the right panels of Fig. 2, the relic abundance curves
(purple) are replotted in the plane of the DM mass and
the s-wave annihilation cross section, evaluated at the
present time, which is relevant for indirect detection.
Along each curve, the quartic coupling λS (or equiva-
lently vs) is fixed to give the correct relic abundance.
To fit the cosmic ray excesses, we adopt the 2σ allowed
regions found in Ref. [29], plotted as the red and green
regions for the gamma ray and antiproton signals, respec-
tively. For each of the three chosen mh2 values, there is
some overlap between all the allowed regions, roughly
for DM masses in the range 64 GeV . mχ . 67 GeV.
The regions excluded by invisible Higgs decays can be in-
ferred from the corresponding left-hand graph by notic-
ing where the relic density curve goes above the Higgs
decay curve for a given mixing angle. It happens that
these excluded regions nearly coincide in mass, indepen-
dently of θ, leading to only a single excluded region in
the right-hand plots.
For all but the lowest value of mh2 , the allowed regions
are independent of the mixing angle θ, because only the
combination sθ/vs appears in the bb annihilation cross
section given by Eq. (8). For mh2 = 70 GeV however,
the additional annihilation channel χχ → h2h2 becomes
important, breaking this degeneracy. We emphasize that
in generic models such as singlet scalar DM, the allowed
region for explaining both excesses is excluded by the
4Figure 2. Left: constraints from the thermal relic abundance (purple curves), Higgs invisible width (blue region), and perturba-
tive unitarity (gray region, λS > 8pi/3). The mixing angle sin θ is varied between 0.01 (solid), 0.1 (dashed) and 0.3 (dot-dashed).
The new CP -even Higgs mass is mh2 = 70 GeV (top), 96 GeV (middle) and 300 GeV (bottom). Right: Predicted annihilation
cross section for χχ→ bb at late times, relevant annihilation in the Milky Way, versus mχ. Purple curves are fixed by the relic
density, while the red and green shading denote the 2σ allowed regions [29] for gamma-ray and antiproton excesses, respec-
tively. The blue and orange regions are excluded by the Higgs invisible width and gamma-ray observations from dSphs [80, 81],
respectively.
strong direct detection bound, or suppression of the in-
direct signal.
The allowed regions are also compatible with the
most recent constraints from DM annihilation in satel-
lite galaxies of the Milky Way [80, 81], shown in orange.
This exclusion is based on gamma-ray observations of 28
confirmed dwarf spheroidal galaxies (dSph) and 17 new
candidate systems, taking advantage of spectroscopically
determined J-factors for the known dSphs and and pre-
dicted J-factors for the candidates. It gives a limit that
5is 1.5 times weaker than in previous determinations.
In our numerical analysis, only the annihilation chan-
nel χχ → bb is taken into account for the gamma-ray
and antiproton excesses. However for heavy DM, the an-
nihilation into WW ∗ may dominate. We have checked
that for mχ in the range 55 GeV . mχ . 65 GeV, the
branching fraction into WW ∗ can be 25% at most, and
the ensuing shapes of the energy spectra of gamma rays
and antiprotons are only slightly modified as a result.
IV. POTENTIAL STABILITY AND
PERTURBATIVITY
Another interesting feature of our model is that the
allowed values of the Higgs portal coupling λHS can
be compatible with extending the stability of the Higgs
potential up to the Planck scale [50–54]. It is well-
established that the Higgs quartic coupling in the SM
runs to negative values at high energy scales ΛI ∼
1011 GeV under renormalization [49]. This could lead to
a catastrophic destabilization of the electroweak vacuum
in the early universe, if inflation occurred at a sufficiently
high scale [82].
There are two ways in which the Higgs portal coupling
λHS can improve stability. First, it provides an addi-
tional positive contribution to the β function of λH . Sec-
ond, λH gets a positive threshold correction at the scale
µ = mh2 when h2 is integrated out. The running λH is
increased by δλH ≡ λ2HS/λS as the scale µ crosses the
threshold from below. For λHS > 0, the stability condi-
tion also becomes more stringent at this scale, λH > δλ
instead of λH > 0. But as the scale µ becomes sufficiently
large compared to mh2 , the condition relaxes to the naive
requirement λH(µ) > 0, so that the threshold correction
can overcome the tendency for λH(ΛI) to become nega-
tive. The β functions of the couplings at two-loop level
are obtained using SARAH [83, 84]. Here we concentrate
on the λHS > 0 case since this has been shown to be
more effective for Higgs stability than λHS < 0 [51].
In Fig. 3 we display the regions sin θ-λS plane that cor-
respond to models with Higgs stability up to the Planck
scale (purple region) and that can explain the cosmic ray
excesses (red region). The upper plot illustrates the sit-
uation for mh2 = 300 GeV. The regions above and to
the right of the curves labeled by Λ = 105, 1010, 1020
GeV have a Landau pole in one of the quartic couplings
λH , λS and λHS at the scale indicated. Thus a fully
UV-complete theory can be achieved for parameters in
the range 0.1 . sin θ . 0.3 and 0.06 . λS . 0.4. The
threshold correction, rather than the extra contribution
of λHS to the β function, is the most important effect for
achieving stability in the overlap region. For sin θ & 0.4,
it gives too large an enhancement in λH , causing it to
blow up at scales Λ below the Planck scale; this is the
reason the Landau pole curves are vertical at large sin θ.
In the lower plot of Fig. 3, we show the allowed pa-
rameters corresponding to higher values of mh2 . Here
Figure 3. Top: regions λS versus sin θ where the scalar po-
tential is stable and perturbative, taking mh2 = 300 GeV.
In the purple region, the Higgs quartic coupling λH is sta-
bilized by the contributions of λHS to its running under the
renormalization. The red region can explain the cosmic ray
anomalies consistently the constraints considered in the previ-
ous section. The other curves (solid green, dashed light blue,
dot-dashed orange) represent the upper limit on λS or sin θ
to avoid a Landau pole near the renormalization scale indi-
cated. Bottom: region that the scalar potential is stable and
all the quartic couplings are perturbative up to the Planck
scale (purple region) for mh2 = 300, 2000, 10000 GeV. The
red region is the same with the upper plot, but for mh2 = 300
GeV (solid) and 2000 GeV (dashed).
the purple shaded regions combine the requirements of
stability of the Higgs potential and perturbativity of the
quartic couplings, considering mh2 = 300, 2000 and 10
4
GeV, requiring smaller sin θ with increasing mh2 . The al-
lowed region for the cosmic ray anomalies shrinks rapidly
with increasing mh2 . For mh2 & 600 GeV, the overlap
of the stability and anomaly regions disappears. More-
over for mh2 . 140 GeV, there is no longer any region of
stability/perturbativity [53].
6V. LEP AND CMS ANOMALIES
There are experimental hints for an additional Higgs-
like state with mass near 96 GeV. In their search for the
SM Higgs, the combined LEP collaborations observed a
2.3σ excess of bb¯ final states at m ∼ 98 GeV, correspond-
ing to a signal strength approximately 10 times lower
than would be produced by a SM Higgs of this mass [55].
More recently, in a search for the diphoton final state,
CMS reported a 2.9σ (local significance) excess in the
13 TeV data at m = 95.3 GeV, with a production cross
section times branching ratio of 0.13 pb, close to that
which a SM Higgs of the same mass would produce [56,
57]. To simultaneously accommodate both anomalies, we
adopt the values taken in ref. [85]
σ(e+e− → h2 → Zbb¯)
σ(e+e− → h→ Zbb¯) = µLEP = 0.117± 0.057
σ(gg → h2 → γγ)
σ(gg → h→ γγ) = µCMS = 0.6± 0.2 (10)
where h denotes a SM-like Higgs with mass 96 GeV.
Although the LEP anomaly could be explained by
Higgs mixing with angle sin θ ∼ ±√0.117 = ±0.34, this
would not be sufficient to produce the CMS excess. As
pointed out in ref. [60], one needs to couple h2 to new
charged states to enhance the branching ratio (by a factor
of ∼ 7) for h2 → γγ via the one-loop diagram containing
the exotic states.
V.1. Adding charged scalars
We investigated models with charged colored scalars
Φ that decay into two or four quarks. One might think
that the latter case is more difficult to probe at the
LHC, since the signal would be pair production of Φ fol-
lowed by decays into four jets each. However this mode
has recently been tightly constrained by CMS [86], with
mΦ > 710 GeV (1.4 TeV) for colored triplets (octets).
It turns out that models where Φ can decay into two
jets are less stringently constrained at present [87]. One
could also consider models where Φ decays to six quarks
through a dimension-10 operator. However we estimate
that the scale Λ suppressing such an operator must be
. 3 TeV to avoid Φ exiting the detector before decay-
ing, and being identified as a long-lived charged parti-
cle, which is also excluded for mΦ . 1 TeV for color
triplets [88]. We do not consider this case in the fol-
lowing.
The models, which are summarized in Table I, are rep-
resented by the interaction Lagrangian
L 3 λSΦ|S|2|Φ|2 + λHΦ|H|2|Φ|2
+
(
yΦ Φ
∗(q¯RqcR) or
1
Λ3
Φ (q¯Rq
c
R)
2
)
+ H.c. (11)
In the last term, a dimension-7 effective operator, the
right-handed quarks are assumed to form a sextet or
model qΦ Nc
mΦ
|λSΦ|1/2
µ¯Φ
|λSΦ|1/2
sθ λSΦ λHΦ χ
2
/d.o.f.
1 8/3 6 943 836 0.39 1.9 3.3 3.6
2 8/3 3 601 778 0.36 1.4 1.6 2.2
3 5/3 6 700 741 0.34 3.4 3.5 2.1
4 5/3 3 417 838 0.39 3.0 5.2 3.7
5 2/3 6 588 795 0.37 4.8 5.9 1.4
6(*) 2/3 3 284 765 0.35 3.4 3.6 1.5
7 −1/3 6 554 830 0.39 5.4 8.0 1.5
8(*) −1/3 3 256 810 0.38 4.1 5.6 1.4
9 −4/3 6 666 752 0.35 3.8 3.9 1.8
10(*) −4/3 3 333 737 0.34 2.4 3.0 2.5
Table I. Models of SU(3)c sextet or triplet scalars coupling to
S, considered for explaining the CMS diphoton excess. The
mass mΦ (in GeV) and mixing angle are chosen to fit the
combined LEP and CMS anomalies. µ¯Φ represents the con-
tribution of the S and H VEVs to the mass; see Eq. (12).
The ratio of couplings λHΦ/λSΦ is chosen to mitigate Higgs
coupling strength deviations, leading to the reduced χ2 values
in the last column. Models marked with (∗) can optionally
refer to the two-quark coupling version, while those without
asterisk couple Φ to four quarks. The magnitude of λSΦ is
such that mΦ saturates the experimental constraints on Φ
decaying to qqqq [86] (or qq [89] for the models marked with
“*”).
triplet of color, the smallest possible irreducible repre-
sentations, which can combine with Φ to form a singlet.
The possible flavor combinations are qqqq = uuuu, uuud,
uudd, uddd and dddd corresponding to charges qΦ = 8/3,
5/3, 2/3, −1/3 and −4/3, respectively, where u and d refer
to generic up- and down-type quark flavors. For the two-
quark models, Φ could transform as a 6¯ or a 3 of SU(3)c,
but we consider only the color triplet case, which is less
strongly constrained by collider limits, with qq = uu, ud,
dd and corresponding charges qΦ = 4/3, 1/3, −2/3.
The first two interactions in (11) produce a shift in
Figure 4. The singlet VEV vs versus DM mass mχ required
by the relic abundance, for several choices of mixing angle,
assuming mh2 = 96 GeV.
7observable gg→h1→γγ
gg→h1→
ZZ→4` κg κγ κZ,W 〈σγγvrel〉 (10−28 cm3/s)
predicted κ2g cγγ κ
2
g cff | 32 bg1| |bγ1/bγSM| cθ Eq. (20)
model 1 0.87 0.82 0.91 0.95 0.92 0.9
model 2 1.02 0.83 0.91 1.03 0.93 1.1
model 3 0.91 1.00 1.01 0.89 0.94 0.5
model 4 0.87 0.82 0.90 0.95 0.92 0.9
model 5 1.03 1.06 1.04 0.92 0.93 0.6
model 6 0.99 1.04 1.03 0.91 0.94 0.6
model 7 1.03 1.03 1.03 0.92 0.92 0.6
model 8 1.02 1.04 1.03 0.92 0.93 0.6
model 9 0.95 1.02 1.02 0.90 0.94 0.5
model 10 0.88 0.94 0.97 0.91 0.94 0.5
CMS 1.15± 0.15 [99] 0.94± 0.10 [100] 1.18 +0.16−0.14 [92] 1.07± 0.15 [92] κZ = 1.00± 0.11 [92] Fermi/LAT:
ATLAS 0.96± 0.14 [91] 1.04 +0.16−0.15 [91] 0.99 +0.11−0.10 [91] 1.05± 0.09 [91] κW=1.05±0.09κZ=1.11±0.08 [91] . (0.5− 4) [101]
combined 1.06± 0.10 0.99± 0.10 1.09 +0.10−0.09 1.06± 0.09 1.05± 0.08 < 1.4
Table II. Predicted SM Higgs signal strengths, and observed values, for the 10 models considered. Last column shows the cross
section for χχ→ γγ annihilation in the galaxy, and at the bottom the limit [101] assuming Einasto profile for the Milky Way
DM halo.
the mass of Φ when S and H get their VEVs. If µ2φ de-
notes the original Lagrangian parameter, then the phys-
ical mass is given by
m2Φ = µ
2
Φ +
1
2λSΦv
2
s +
1
2λHΦv
2
≡ µ2Φ + µ¯2Φ (12)
One would like to avoid having m2φ  |µ2φ| or |µ¯2φ| since
this would require fine-tuning; Table I shows that some
mild tuning (∼ 0.1) is needed for models 6 and 8.
V.2. Couplings to g, γ, h1
The effective couplings of h1,2 to gluons and photons
have been computed for a similar class of models [90],
Leff =
2∑
i=1
(
αsb
g
i
8piv
hiG
a
µνG
aµν +
αemb
γ
i
8piv
hi FµνF
µν
)
, (13)
with
bγ1 =
Nc
3
q2Φ(−sθηS + cθηH) + bγSMcθ
bg1 = RΦ(−sθηS + cθηH) + 23cθ
bγ2 =
Nc
3
q2Φ(cθηS + sθηH) + b
γ′
SMsθ
bg2 = RΦ(cθηS + sθηH) +
2
3sθ (14)
Here Nc = 6 (3) is the number of colors of Φ, RΦ =
5/6 (1/6) for sextet (triplet) scalars, bγSM
∼= −6.5, bγ′SM ∼=−5.9,2 ηS = λSΦvvs/m2Φ and ηH = λHΦv2/m2Φ. The
2 This is somewhat smaller than the value for the SM Higgs, due
to mh2 being less than mh1 . RΦ is equal to the index of the
representation, divided by 6 for a complex scalar field.
Figure 5. Effective Higgs coupling strengths to photons versus
gluons predicted by the 10 models, and the allowed regions
from ATLAS [91] and CMS [92].
value of vs giving the correct relic density for mh2 =
96 GeV is plotted in Fig. 4, and can be fit to vs ∼= (−35+
3641 sθ − 1603 s2θ) GeV at mχ = 64 GeV, while reaching
smaller values vs ∼= 250 ∼ 550 GeV at mχ = 67 GeV.
Since the solution for mΦ derived below is proportional
to v
1/2
s , in order to maximize the scale of new physics we
adopt the lower value of mχ, which is consistent with the
cosmic ray anomalies as described previously.
The couplings of the SM Higgs to gluons and photons
get modified by mixing and the Φ loop. Couplings of h1
to fermions and W/Z bosons are reduced by the mixing
effect alone. This can be quantified by κi parameters,
defined as the coupling to particle i divided by the cor-
8responding value in the SM:
κg =
bg1
2/3
, κγ =
bγ1
bγSM
, κW,Z = κf = cθ . (15)
These factors appear in the signal strengths for various
Higgs production and decay processes. In addition we
make use of the ratio of branching ratios of the Higgs
to different final states, relative to the corresponding SM
values. If there was only mixing, these would be trivial,
but because of the Φ loop, the gg and γγ channels can
change relative to the others. These factors are
cff =
1
BR(f) + BR(g)µg/cθ
cγγ =
µγ
BR(f) c2θ + BR(g)µg
(16)
where BR(g) = 0.086 is the SM branching ratio into glu-
ons at mh = 96 GeV, and BR(f) = 0.914 is that into
other states. Then for example the signal strength for
gg → h → γγ is κ2gcγγ , while that for gg → h → ZZ →
4` is κ2gcff .
V.3. Fitting the anomalies
By taking the square root, Eqs. (10) can be recast in
the form
s2θ =
√
µLEP Γˆh2 (17)(
bg2
2/3
)(
bγ2
bγ
′
SM
)
= ±
√
µCMS Γˆh2 (18)
where Γˆh2 = BR(f)s
2
θ+BR(g)(
3
2b
g
2)
2 is the ratio of the h2
width to that of a SM-like Higgs of the same mass. For
fixed values of λHΦ and λSΦ, these can be solved numer-
ically for θ and mΦ. The equations are only weakly cou-
pled, through the small gluon contribution to Γˆh2 ; there-
fore sθ is practically fixed by (17), while mΦ is mostly
determined by (18).
For solutions of (17) and (18), the Higgs couplings (15)
depend upon the ratio ηH/ηS = vλHΦ/(vsλSΦ), which
we determine by fitting to the set of signal strengths and
effective couplings shown in Fig. 5. The χ2 per degree of
freedom (five observations from combining ATLAS and
CMS results, minus one parameter) is listed in Table I,
and the results for κγ versus κg are illustrated in Fig. 5.
There is a preference for models 5-8, in which the scalar
has charge qΦ = 2/3 or −1/3, and can be either a triplet
or a sextet. Models 2, 3 with qΦ = 8/3, 5/3 and Nc = 3, 6
respectively also give an acceptable fit, as well as model
9 with qΦ = −4/3, Nc = 6.
The models face daunting constraints from LHC
searches for pair production of colored scalars that de-
cay into jets. Gluinos must be heavier than 1.5 (1.4)
TeV [86, 87] for decays into 2 (4) jets.3 Searches for
R-parity violating top squark decays by CMS [89] and
ATLAS [87, 96–98] put complementary constraints on
triplets decaying to two jets, that depend upon whether
one of the jets is tagged for b quarks: mt˜ > 520 GeV for
decays into first or second generation quarks qq, versus
mt˜ > 610 GeV for decays into bq.
Table II shows that one must take rather large values
of the couplings λSΦ, λHΦ to satisfy the collider limits on
mΦ. Although these values are consistent with pertur-
bative unitarity, they typically require some fine tuning
since the one-loop contributions to λH , λS and λHS are
of order
δλH ∼ 3λ
2
HΦ
16pi2
, δλHS ∼ 3λHΦλSΦ
16pi2
, δλS ∼ 3λ
2
SΦ
16pi2
(19)
which tend to be much larger than the tree-level values
λH ∼ 0.24, λS ∼ 0.009 and λHS ∼ 0.008. Model 2
however is relatively good in this respect, with δλH ∼
δλHS ∼ δλS ∼ 0.04, requiring only a mild 1 part in 5
tuning.
The Φ-extended model needed for the collider anoma-
lies, although not ruled out, is tightly constrained, and
would likely require other new physics to be part of a
UV-complete picture. For example, stability of the Higgs
potential is not helped by the small λHS coupling in these
examples, although the much larger λHΦ coupling may
do so. Pending experimental verification, we content our-
selves with the foregoing low-energy description as con-
cerns the tentative LEP/CMS excesses.
V.4. Gamma-ray line searches
The Fermi-LAT has obtained stringent constraints on
DM annihilating to two monochromatic photons [101],
which occurs through the Higgs portal in our model, and
is potentially enhanced by the Φ induced coupling of pho-
tons to the singlet. The cross section for χχ → γγ by
h1,2 exchange in the s-channel is
〈σγγvrel〉 ≈ α
2
ems
128pi3v2v2s
∣∣∣∣∣sθm2h1b
γ
1
s−m2h1
− cθm
2
h2
bγ2
s−m2h2
∣∣∣∣∣
2
(20)
where s = 4m2χ and the decay width in the s-channel
propagators were neglected.4 (Here we modify the defi-
nition of bγ2 to be in terms of b
γ
SM rather than b
γ′
SM since
3 We have compared the leading-order production cross section for
gluinos [93] to that of color sextet scalars [94] at the same mass
and
√
s = 13 TeV, averaged over parton distribution functions
[95], and found that they are quite similar, suggesting a bound
of 1.3 TeV for decays into four jets.
4 There is also a contribution from direct coupling of χχ to
γγ through the Φ loop, whose matrix element is |M| =
αemqΦNcλSΦq
2
Φm
2
χ/(3
√
2pim2Φ) [102], which is subdominant to
the h1,2-mediated contributions.
9the same energy
√
s is flowing through the loops cou-
pling to h1 and h2.) In the last column of Table II we
show the predictions for the Φ-extended models. The
corresponding prediction for the minimal model with no
scalar Φ can be obtained from this by setting Nc = 0
in bγ1,2, and can always be made parametrically small by
taking sθ  1, unlike in the extended models. We find
that the allowed regions shown in previous sections are
not reduced by this constraint.
The gamma-ray line constraints on 〈σv〉γγ become
stronger or weaker depending on how cuspy one assumes
the density profile of DM is in the Milky Way. There-
fore ref. [101] considers four possibilities of varying cus-
piness, resulting in a range of upper bounds shown in
Table II. For reference we adopt an intermediate upper
limit 〈σγγvrel〉 < 1.4 × 10−28 cm3/s at mχ = 64 GeV,
based on the assumption of an Einasto DM profile.
Interestingly the predicted values for 〈σv〉γγ are not far
below the averaged upper limit, leading to the expecta-
tion that an observable gamma-ray line from the galactic
center, of energy ∼ 64 GeV, should be correlated with
the LEP and CMS anomalies. The predicted line will
be tested by the next generation gamma-ray telescope
GAMMA-400 [103].
VI. CONCLUSION
Annihilation of O(60) GeV mass dark matter into b
quarks remains as a plausible explanation for excess cos-
mic gamma-rays and antiprotons that have been ob-
served by Fermi/LAT and AMS respectively. We have
shown that an economical model of scalar DM coupling to
the Higgs can naturally explain these observations, while
respecting other constraints. In particular, the pseudo-
Goldstone nature of pNGB DM makes it immune to di-
rect detection, because of its highly velocity-suppressed
couplings to nucleons.
We showed that, while firmly within the preferred pa-
rameter space for antiprotons, our prediction for the DM
mass mχ ∼= (64 − 67) GeV is at the high end of the
2σ-allowed region for the galactic center gamma-ray ex-
cess, and the annihilation cross section is not far below
the Fermi indirect detection limit from dwarf spheroidal
galaxies. Further, if the extra CP -even Higgs boson is
in the mass range mh2 ∼ (200 − 600) GeV, this allowed
region can overlap with parameters for which the Higgs
potential remains stable up to the Planck scale, and the
new quartic couplings are free from Landau poles.
By extending the model with an additional scalar
Φ that carries charge and color, and assuming that
mh2 ∼ 96 GeV, we can also account for tentative excess
b quarks observed at LEP and diphotons at CMS. The
most promising such model has Φ in the 3 representation,
mΦ & 720 GeV, charge qΦ = 8/3, and decaying into four
up-type quarks in the first or second generations. It can
eventually be ruled out by strengthened limits on pair
production of such scalars, or by more precise observa-
tions of the production and decay modes of the standard
model Higgs boson, with which it has some tensions at
the 2σ level. A further test is through the search for a
monochromatic gamma-ray line at ∼ 64 GeV from the
galactic center, which could rule out the extended model
with a modest increase in sensitivity over current limits.
This extension would require some other new physics to
stabilize the Higgs self-coupling and the new scalar cross-
couplings at high scales.
Higgs sectors extended by couplings to singlet fields
have been invoked to strengthen the electroweak phase
transition, possibly enabling electroweak baryogenesis or
producing observable gravity waves. This is one feature
that the pNGB DM does not have, however, as was shown
in ref. [104].
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